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Abstract
We study the possibility of generating tiny neutrino mass through a combination of type I and type 
II seesaw mechanism within the framework of an abelian extension of standard model. The model also 
provides a naturally stable dark matter candidate in terms of the lightest neutral component of a scalar 
doublet. We compute the relic abundance of such a dark matter candidate and also point out how the strength 
of type II seesaw term can affect the relic abundance of dark matter. Such a model which connects neutrino 
mass and dark matter abundance has the potential of being verified or ruled out in the ongoing neutrino, 
dark matter, as well as accelerator experiments.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
1. Introduction
Recent discovery of the Higgs boson at the large hadron collider (LHC) experiment has es-
tablished the standard model (SM) of particle physics as the most successful fundamental theory 
of nature. However, despite its phenomenological success, the SM fails to address many theo-
retical questions as well as observed phenomena. Three most important observed phenomena 
which the SM fails to explain are neutrino oscillations, matter–antimatter asymmetry and dark 
matter. Neutrino oscillation experiments in the last few years have provided convincing evidence 
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T2K [2], Double ChooZ [3], Daya-Bay [4] and RENO [5] have not only made the earlier pre-
dictions for neutrino parameters more precise, but also predicted non-zero value of the reactor 
mixing angle θ13. Matter–antimatter asymmetry of the Universe is encoded in the baryon-to-
photon ratio measured by dedicated cosmology experiments like Wilkinson Mass Anisotropy 
Probe (WMAP), Planck, etc. The latest data available from Planck mission constrain the baryon-
to-photon ratio [6] as
YB  (6.065 ± 0.090)× 10−10 (1)
Presence of dark matter in the Universe is very well established by astrophysics and cosmology 
experiments although the particle nature of dark matter in yet unknown. According to the Planck 
2013 experimental data [6], 26.8% of the energy density of the present Universe is composed of 
dark matter. The present abundance or relic density of dark matter is represented as
ΩDMh
2 = 0.1187 ± 0.0017 (2)
where Ω is the density parameter and h = (Hubble Parameter)/100 is a parameter of order unity.
Several interesting beyond standard model (BSM) frameworks have been proposed in the last 
few decades to explain each of these three observed phenomena in a natural way. Tiny neutrino 
masses can be explained by seesaw mechanisms which broadly fall into three types: type I [7], 
type II [8] and type III [9]. Baryon asymmetry can be produced through the mechanism of lep-
togenesis which generates an asymmetry in the leptonic sector first and later converting it into 
baryon asymmetry through electroweak sphaleron transitions [10]. The out of equilibrium CP 
violating decay of heavy Majorana neutrinos provides a natural way to create the required lepton 
asymmetry [11]. There are however, other interesting ways to create baryon asymmetry: elec-
troweak baryogenesis [12], for example. The most well motivated and widely discussed particle 
dark matter (for a review, please see [13]) is the weakly interacting massive particle (WIMP) 
which interacts through weak and gravitational interactions and has mass typically around the 
electroweak scale. Weak interactions kept them in equilibrium with the hot plasma in the early 
Universe which at some point of time, becomes weaker than the expansion rate of the Universe 
leading to decoupling (or freeze-out) of WIMP. WIMP’s typically decouple when they are non-
relativistic and hence known as the favorite cold dark matter (CDM) candidate.
Although the three observed phenomena discussed above could have completely different par-
ticle physics origin, it will be more interesting if they have a common origin or could be explained 
within the same particle physics model. Here we propose a model which has all the ingredients 
to explain these three observed phenomena naturally. We propose an abelian extension of SM 
(for a review of such models, please see [14]) with a gauged B − L symmetry. Neutrino mass 
can be explained by both type I and type II seesaw mechanisms. Some recent works related to 
the combination of type I and type II seesaw can be found in [15]. Dark matter can be explained 
due to the existence of an additional Higgs doublet, naturally stable due to the choice of gauge 
charges under U(1)B−L symmetry. Unlike the conventional scalar doublet dark matter models, 
here we show how the origin neutrino mass can affect the dark matter phenomenology. Some 
recent works motivated by this idea of connecting neutrino mass and dark matter can be found in 
[16]. In supersymmetric frameworks, such scalar dark matter have been studied in terms of sneu-
trino dark matter in type I seesaw models [17] as well as inverse seesaw models [18]. We show 
that in our model, the dark matter abundance can be significantly altered due to the existence of 
a neutral scalar with mass slightly larger than the mass of dark matter, allowing the possibility of 
coannihilation. And interestingly, this mass splitting is found to be governed by the strength of 
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Particle content of the model.
Particle SU(3)c × SU(2)L × U(1)Y U(1)B−L
(u, d)L (3,2, 13 )
1
3
uR (3¯,1, 43 )
1
3
dR (3¯,1,− 23 ) 13
(ν, e)L (1,2,−1) −1
eR (1,1,−2) −1
νR (1,1,0) −1
H (1,2,1) 0
φ (1,2,1) 1
 (1,3,2) 2
S (1,1,0) 2
type II seesaw term of neutrino mass in our model. We show that for sub-dominant type II seesaw 
term, dark matter relic abundance can get significantly affected due to coannihilation whereas for 
dominant type II seesaw, usual calculation of dark matter relic abundance follows incorporating 
self-annihilation of dark matter only.
This paper is organized as follows. In Section 2, we outline our model with particle con-
tent and relevant interactions. In Section 3, we briefly discuss the origin of neutrino mass in 
our model. In Section 4, we discuss the method of calculating dark matter relic abundance. In 
Section 5, we discuss our results and finally conclude in Section 6.
2. The model
We propose a U(1)B−L extension of the standard model with the particle content shown in 
Table 1. Apart from the standard model fermions, three right handed neutrinos νR are added 
with lepton number 1. This is in fact necessary to cancel the U(1)B−L anomalies. Among the 
scalars, H is the standard model like Higgs responsible for giving mass to fermions and breaking 
electroweak gauge symmetry. The second Higgs doublet φ does not acquire vacuum expectation 
value (vev) and also has no coupling with the fermions. This will act like an inert doublet dark 
matter in our model whose stability is naturally guaranteed by the gauge symmetry. The scalar 
triplet  serves two purposes: its neutral component contributes to the light neutrino masses by 
acquiring a tiny (∼eV) vev and also generates a mass splitting between the CP-even and CP-odd 
neutral scalars in the inert Higgs doublet φ.
The Yukawa Lagrangian for the above particle content can be written as
LY = YeL¯HeR + YνL¯H †νR + YdQ¯HdR + YuQ¯H †uR + YRSνRνR + fLL (3)
The gauge symmetry of the model does not allow any coupling of the inert Higgs doublet φ with 
the fermions. The scalar Lagrangian of the model can be written as
LH = λ4
(
H †iHi − v
2
2
)2
+ m21
(
φ†iφi
)+ λφ(φ†iφi)2 + λ1(H †iHi)(φ†j φj )
+ λ2
(
H †iHj
)(
φ†jφi
)+ μφ(φφ† + φ†φ†)+ λ3(HH†S + H †H †S†)
+ m22S†S + λS
(
S†S
)2 + m2†+ λ(†)2 + λ4(H †H )(S†S)
+ λ5
(
φ†φ
)(
S†S
)+ λ6(†)(S†S)+ λ7(H †H )(†)+ λ8(φ†φ)(†)
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ing to the Higgs doublets H, φ can be written as
m2h =
1
2
λv2
m2H0 = m21 +
1
2
(λ1 + λ2)v2 + 2μφvL
m2A0 = m21 +
1
2
(λ1 + λ2)v2 − 2μφvL
where mh is the mass of SM like Higgs boson which is approximately 126 GeV and v is the 
vev of the neutral component of SM like Higgs doublet H . The CP-even (H0) and CP-odd (A0)
neutral components of inert doublet φ have a mass squared splitting proportional to 4μφvL
where vL is the vev acquired by the neutral component of scalar triplet .
3. Neutrino mass
Tiny neutrino mass can originate from both type I and type II seesaw mechanisms in our 
model. As seen from the Yukawa Lagrangian (3), the right handed singlet neutrinos acquire a 
Majorana mass term after the U(1)B−L gauge symmetry gets spontaneously broken by the vev 
of the singlet scalar field S. The resulting type I seesaw formula for light neutrinos is given by 
the expression,
mILL = −mLRM−1RR mTLR. (3)
where mLR = Yνv is the Dirac mass term of the neutrinos and MRR = YR〈S〉 = YRvBL is the Ma-
jorana mass term of the right handed neutrinos. Demanding the light neutrinos to be of eV scale 
one needs MRR and hence vBL to be as high as 1014 GeV without any fine-tuning of dimension-
less Yukawa couplings.
On the other hand, the type II seesaw contribution to neutrino mass comes from the term 
fLL in the Yukawa Lagrangian (3) if the neutral component of the scalar triplet δ0 acquires a 
tiny vev. The scalar triplet can be represented as
 =
(
δ+/
√
2 δ++
δ0 −δ+/√2
)
Minimizing the scalar potential gives the approximate value of vL as
vL = λ3v
2〈S〉
m2
= λ3v
2vBL
m2
(4)
where 〈S〉 = vBL is the vev acquired by the singlet scalar field S responsible for breaking 
U(1)B−L gauge symmetry spontaneously at high scale. Demanding the light neutrinos to be of 
eV scale one needs m2/vBL to be as high as 1014 GeV without any fine-tuning of dimensionless 
couplings.
4. Relic abundance of dark matter
The relic abundance of a dark matter particle χ is given by the Boltzmann equation
dnχ + 3Hnχ = −〈σv〉
(
n2χ −
(
neqbχ
)2) (5)
dt
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when χ was in thermal equilibrium. H is the Hubble expansion rate of the Universe and 〈σv〉 is 
the thermally averaged annihilation cross section of the dark matter particle χ . In terms of partial 
wave expansion 〈σv〉 = a+bv2. Numerical solution of the Boltzmann equation above gives [19]
Ωχh
2 ≈ 1.04 × 10
9xF
MPl
√
g∗(a + 3b/xF ) (6)
where xF = mχ/TF , TF is the freeze-out temperature, g∗ is the number of relativistic degrees 
of freedom at the time of freeze-out. Dark matter particles with electroweak scale mass and 
couplings freeze out at temperatures approximately in the range xF ≈ 20–30. More generally, 
xF can be calculated from the relation
xF = ln 0.038geff MPlmDM〈σeff v〉
g
1/2∗ x1/2f
(7)
The expression for relic density again simplifies to [13]
Ωχh
2 ≈ 3 × 10
−27cm3 s−1
〈σv〉 (8)
The thermal averaged annihilation cross section 〈σv〉 is given by [20]
〈σv〉 = 1
8m4TK22 (m/T )
∞∫
4m2
σ
(
s − 4m2)√sK1(√s/T )ds (9)
where Ki ’s are modified Bessel functions of order i, m is the mass of Dark Matter particle and 
T is the temperature.
Here we consider the neutral component of the scalar doublet φ as the dark matter candidate 
which is similar to the inert doublet model of dark matter discussed extensively in the literature 
[21–26]. We consider the lighter mass window for the scalar doublet dark matter mDM ≤ MW , 
the W boson mass. Beyond the W boson mass threshold, the annihilation channel of scalar dou-
blet dark matter into W+W− pairs opens up reducing the relic abundance of dark matter below 
observed range for dark matter mass all the way up to around 500 GeV. We note however, that 
there exists a region of parameter space MW < mDM < 160 GeV which satisfy relic density 
bound if certain cancellations occur between several annihilation diagrams [27]. For the sake of 
simplicity, we stick to the low mass region 10 GeV < mDM < MW in this work. We also note 
that there are two neutral components in the doublet φ, the lighter of which is stable and hence 
the dark matter candidate. If the mass difference between these neutral scalars m =mA0 −mH0
is large compared to the freeze-out temperature TF , then the next to lightest neutral scalar play 
no significant role in determination of dark matter relic density. However, if m is of the order 
of freeze-out temperature then A0 can be thermally produced and hence the coannihilations be-
tween H0 and A0 during the epoch of dark matter thermal annihilation can play a non-trivial role 
in determining the relic abundance of dark matter. The annihilation cross section of dark matter 
in such a case gets additional contributions from coannihilation between dark matter and next to 
lightest neutral component of scalar doublet φ. This type of coannihilation effects on dark matter 
relic abundance were studied by several authors in [28,29]. Here we follow the analysis of [28]
to calculate the effective annihilation cross section in such a case. The effective cross section can 
given as
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Fig. 2. Self annihilation of H0(A0) into two fermions (where the conventions are followed from [30]).
σeff =
N∑
i,j
〈σij v〉rirj
=
N∑
i,j
〈σij v〉gigj
g2eff
(1 + i)3/2(1 + j)3/2e(−xF (i+j )) (10)
where xF = mDMT and i = mi−mDMmDM and
geff =
N∑
i=1
gi(1 + i)3/2e−xFi (11)
The thermally averaged cross section can be written as
〈σij v〉 = xF8m2i m2jmDMK2((mi/mDM)xF )K2((mj/mDM)xF )
×
∞∫
(mi+mj )2
dsσij
(
s − 2(m2i + m2j ))√sK1(√sxF /mDM) (12)
In our model, the lightest neutral component of the scalar doublet φ is the dark matter candi-
date. We denote it as H0 and the other neutral component is denoted as A0. Since A0 is heavier 
than H0, it can always decay into H0 and standard model particles (as shown in Fig. 1) depend-
ing on the mass difference. If the mass difference between A0 and H0 is small enough for A0
to be thermally produced during the epoch of freeze-out then we have to compute both annihila-
tion and coannihilation cross sections to determine the relic abundance. In the low mass regime 
(mDM < MW), the self annihilation of either H0 or A0 into SM particles occur through standard 
model Higgs boson as shown in Fig. 2. The corresponding annihilation cross section is given by
σxx = |Yf |
2|λx |2
16πs
(s − 4m2f )3/2√
s − 4m2(s − m2 + m2Γ 2)2 (13)x h h h
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where x → H0, A0, λx is the coupling of x with SM Higgs boson h and λf is the Yukawa 
coupling of fermions. Γh = 4.15 MeV is the SM Higgs decay width.
The coannihilation of H0 and A0 into SM particles can occur through a Z boson exchange as 
shown in Fig. 3. The corresponding cross section is found to be
σH0A0 =
1
64π2s
√√√√ (s2 − 4m2f s)
s2 − 2(m2H0 + m2A0)s + (m2H0 − m2A0)2
× 1
4
g4
c4W
1
[(s − m2z)2 + m2zΓ 2z ]
[(
a2f + b2f
)((
m2H0 − m2A0
)2
− 1
3s
(
s2 − 2s(m2H0 + m2A0
)+ (m2H0 − m2A0
)2)(
s − 4m2f
)
c2θ
+ (s − 2m2f )(s − (m2H0 + m2A0
)))+ af bf m2f (s − (m2H0 + m2A0
))] (14)
where af = T f3 − s2WQf ; bf = −s2WQf . Γz = 2.49 GeV is the Z boson decay width.
We use these cross sections to compute the thermal averaged annihilation cross section given 
in Eq. (12). Instead of assuming a particular value of xF , we first numerically find out the value 
of xF which satisfies the following equation
exF − ln 0.038geff MPlmDM〈σeff v〉
g
1/2∗ x1/2F
= 0 (15)
which is nothing but a simplified form of Eq. (7). For a particular pair of λDM and mDM , we use 
this value of xF and compute the thermal averaged cross section 〈σeffv〉 to be used for calculating 
relic abundance using Eq. (8).
We also calculate the lifetime of A0 to make sure that A0 is not long lived enough to play a 
role of dark matter in the present Universe. The decay width of A0 is given by
ΓA0 =
∫
s2
s3+∫
s3−
1
32(2π)3m3A0
f (s2, s3)ds2ds3
f (s2, s3) = Ncg
4
4c4W
[(
a2f + b2f
)[(
m2A0 − m2H0 − 2m2f
)2 − (s2 − s3)2
− 4af bf m2f
(
m2A0 + m2H0 + s3 + s2
)]]
× 1[(4m2f m2A0m2H0 − m2Z − s3 − s2)2 − m2ZΓ 2Z ]
(16)
where
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1
s2
[(
m2A0 − s2 − m2f
)(
s2 − m2f + m2H0
)
± λ1/2(s2,m2A0,m2f
)
λ1/2
(
s2,m
2
f ,m
2
H0
)]
s2 ∈
[
(mH0 + mf )2, (mA0 − mf )2
] (17)
Now if the difference m = mA0 − mH0 = 50 keV then mA0 will decay into H0 and neutri-
nos only and its lifetime is Γ −1A0 h¯ = 1.67962 × 106 s. If the difference is 5 MeV then A0 can 
decay into up-quarks, electrons and neutrinos such that Γtotal = Γu + Γe + Γν and therefore 
the lifetime will be Γ −1totalh¯ = 8.3659 s. But if the difference is around 1 GeV then A0 can 
decay into strange-quarks, down-quarks, up-quarks, muons, electrons and neutrinos such that 
Γtotal = Γs +Γd +Γu +Γμ +Γe +Γν and therefore the lifetime will be Γ −1totalh¯ = 1.2 × 10−11 s. 
WIMP dark matter typically freeze-out at temperature TF ∼ mDM/xF where xf ∼ 20–30. This 
can roughly be taken to be the time corresponding to the electroweak scale tEW ∼ 10−11 s. Thus, 
for all mass differences under consideration the lifetime of A0 falls much below the present 
age of the Universe. Hence, the present dark matter relic density is totally contributed by the 
abundance of the lightest stable neutral scalar H0.
5. Results
We follow the approach and use the expressions discussed in the previous section to calcu-
late the dark matter relic density. We first calculate the relic density of dark matter H0 without 
considering coannihilation. We use the constraint on dark matter relic density (2) and show the 
allowed parameter space in terms of λDM = λ1 + λ2, the dark matter–SM Higgs coupling and 
mH0 , the dark matter mass. The results are shown as the red V-shaped region in Fig. 4. We then 
allow coannihilation between H0 and A0 and show the allowed parameter space in the same 
λDM–mH0 plane. This corresponds to the black region in Fig. 5. The plot 5 corresponds to mass 
splitting between A0 and H0: m = 500 keV.
In addition to the Planck 2013 constraints on dark matter relic density (2), there is also a strict 
limit on the spin-independent dark matter–nucleon cross section coming from direct detection 
experiments, most recently from LUX experiment [31]. The relevant scattering cross section in 
our model is given by [22]
σSI = λ
2
DMf
2
4π
μ2m2n
m4hm
2
DM
(18)
where μ = mnmDM/(mn + mDM) is the DM–nucleon reduced mass. A recent estimate of the 
Higgs–nucleon coupling f gives f = 0.32 [32] although the full range of allowed values is f =
0.26–0.63 [33]. We take the minimum upper limit on the dark matter–nucleon spin independent 
cross section from LUX experiment [31] which is 7.6 × 10−46 cm2 and show the exclusion line 
in Figs. 4, 5 with a label σ 0SI . The exclusion line gets broaden as shown in blue in Figs. 4, 5 due 
to the uncertainty factor in Higgs–nucleon coupling. It should be noted that the spin independent 
scattering cross section written above (18) is only at tree level. Since dark matter in this model 
is part of a doublet under SU(2)L, one-loop box diagrams involving two W bosons or two Z
bosons can also give rise to direct detection cross section. As discussed in details by authors of 
[34], in the low mass regime of inert doublet dark matter, this one-loop correction is maximum 
in the resonance region mDM ∼ mh/2. The ratio σSI(one-loop)/σSI(tree-level) is approximately 
100 in this region. We calculate the scattering cross section corresponding to one-loop diagrams 
mentioned in [34]. The final result not only depends upon λDM but also on the charged Higgs 
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for dark matter H0 without any coannihilation, for mass difference of 50 GeV between A0 and H0. The blue and red 
shaded regions are the direct detection exclusion limits from LUX experiment incorporating tree level and one-loop level 
scatterings respectively, the brown shaded region is the excluded region from SM Higgs invisible decay width constraint 
BR(h → DM DM) < 30%. The pink shaded region is the region forbidden by the LEP I precision measurement of Z
boson decay width. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
mass. For simplicity, we take mH± = mA0 . The one-loop result is shown as the exclusion line 
in Figs. 4, 5 with label σ 0SI + σ 1SI . Thus, in the absence of co-annihilation only a small region of 
the parameter space near the resonance is left from direct detection bound. In the presence of 
co-annihilation, more regions of parameter space gets allowed as seen from Fig. 5.
Apart from the SM Higgs mediated scattering, there can be one more DM–nucleon scattering 
cross section due to the same interaction giving rise to coannihilation between H0 and A0. This 
corresponds to DM scattering off nuclei into A0 through a Z boson exchange giving rise to an 
inelastic DM–nucleon scattering as shown in Fig. 6. The cross-section for such a process can be 
calculated as
|MH0f→A0f |2 =
g2
4 cos2 θW
1
(t − m2Z)2 − m2ZΓ 2Z
[
2
(
a2f + b2f
)[1
4
(
m2H0 − m2A0 + s − u
)2
+ 1
2
(
t − 2m2f
)
(2
(
m2H0m
2
A0 − t
)]+ 4af bf m2f (2(m2A0 + m2H0
)− t)
]
dσ
dΩcm
= 1
64π2s
√√√√ s2 − 2(m2A0 + m2f )s + (m2A0 − m2f )2
s2 − 2(m2 + m2 )s + (m2 − m2 )2 |MH0f→A0f |
2 (19)
H0 f H0 f
646 A. Dasgupta, D. Borah / Nuclear Physics B 889 (2014) 637–649Fig. 5. Plot of λDM versus mH0 satisfying dark matter relic density constraint: the black colored region is for dark matter 
H0 incorporating coannihilation with mass difference of 500 keV between A0 and H0. The blue and red shaded regions 
are the direct detection exclusion limits from LUX experiment incorporating tree level and one-loop level scatterings 
respectively, the brown shaded region is the excluded region from SM Higgs invisible decay width constraint BR(h →
DM DM) < 30%. The pink shaded region is the region forbidden by the LEP I precision measurement of Z boson decay 
width. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)
Fig. 6. Forward scattering of H0f (f ) → A0f (f ) through t-channel Z boson (where the conventions are followed 
from [30]).
Due to the strong Z boson coupling to DM in our model, such a scattering can give rise to an 
inelastic cross section which faces severe limits from direct detection experiments like Xenon100 
[35]. Such inelastic dark matter within inert doublet dark matter was studied by authors in [36]. 
They show that such inelastic dark matter scenario in inert doublet model is consistent with 
exclusion limits from direct detection experiments only when dark matter relic abundance is 
below the observed abundance. However, such a scattering process is kinematically forbidden 
if the mass difference between H0 and A0 is more than the kinetic energy of dark matter H0. 
Taking the typical speed of WIMP dark matter to be v ≈ 270 km/s ∼ 10−3c, the kinetic energy 
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relic abundance can get affected by A0, but the direct detection cross section remain unaffected.
We also impose collider bounds by noting that the precision measurement of the Z boson 
decay width at LEP I forbids the Z boson decay channel Z → H0A0 which requires mH0 +
mA0 > mZ ⇒ 2mH0 > mZ −m. The excluded region mH0 < (mZ −m)/2 is shown as a pink 
shaded region in Fig. 5. Apart from LEP I constraint on Z decay width, LEP II constraints also 
rule out models satisfying mH0 < 80 GeV, mA0 < 100 GeV and mA0 − mH0 > 8 GeV [37]. As 
we see from Fig. 5, the allowed region of λDM −mDM parameter space including coannihilation 
satisfy these constraints as the mass difference is not more than 8 GeV.
We further impose the constraint that invisible decay of the SM Higgs boson h → H0H0 do 
not dominate its decay width. Recent measurement of the SM Higgs properties constrain the 
invisible decay width to be below 30% [38]. The invisible decay width is given by
Γinv = λ
2
DMv
2
64πmh
√
1 − 4m2DM/m2h (20)
We show the parameter space ruled out by this constraint on invisible decay width as the brown 
shaded region for mH0 < mh/2 in Fig. 5. It can be easily seen that this imposes a weaker con-
straint than the DM direct detection constraint from LUX experiment.
In our analysis we have taken the mass differences between A0 and H0 to be m = 500 keV. 
As noted in Section 2, the mass difference between A0 and H0 is given by m2 = 4μφvL. 
Thus, for m = 500 keV and dominant type II seesaw such that vL = 0.1 eV, the trilinear 
mass term μφ ∼ 600 GeV. However, if we keep the trilinear mass term fixed at say, the 
U(1)B−L symmetry breaking scale, then different mass differences m will correspond to dif-
ferent strengths of type II seesaw term. If we fix the trilinear mass term μφ to be 109 GeV
say, then m = 500 keV, 5 MeV, 1 GeV will correspond to vL = 10−16, 10−14, 10−9 GeV re-
spectively. The first two examples correspond to a case of sub-dominant type II seesaw similar 
to the ones discussed in [15], whereas the third example m = 1 GeV corresponds to a type II 
dominant seesaw. Comparing this with Eq. (4), one gets
λ3vBL
m2
= 10−20,10−18,10−13 GeV−1
respectively. This can be achieved by suitable adjustment of the symmetry breaking scales, the 
bare mass terms in the Lagrangian as well as the dimensionless couplings.
We note that, in conventional inert doublet dark matter model, this mass squared difference 
is λIDMv2 where λIDM is a dimensionless coupling. If we equate this mass difference to a few 
hundred keV, then the dimensionless coupling λIDM has to be fine tuned to 10−12–10−10. Such a 
fine tuning can be avoided in our model by suitably fixing the symmetry breaking scales and the 
bare mass terms in the Lagrangian.
6. Conclusion
We have studied an abelian extension of SM with a U(1)B−L gauge symmetry. The model 
allows the existence of both type I and type II seesaw contributions to tiny neutrino masses. It 
also allows a naturally stable cold dark matter candidate: lightest neutral component of a scalar 
doublet φ. Type II seesaw term is generated by the vev of a scalar triplet . We show that, in 
our model the vev of the scalar triplet not only decides the strength of type II seesaw term, but 
also the mass splitting between the neutral components of the scalar doublet φ. If the vev is 
648 A. Dasgupta, D. Borah / Nuclear Physics B 889 (2014) 637–649large (of the order of GeV, say), then mass splitting is large and hence the next to lightest neutral 
component A0 plays no role in determining the relic abundance of H0. However, if the vev is 
small such that the mass splitting is below 5–10% of mH0 , then A0 can play a role in determining 
the relic abundance of H0. In such a case, dark matter (H0) relic abundance gets affected due to 
coannihilation between these two neutral scalars. We compute the relic abundance of dark matter 
in both the cases: without and with coannihilation and show the change in parameter space. We 
incorporate the latest constraint on dark matter relic abundance from Planck 2013 data and show 
the allowed parameter space in the λDM–mDM plane, where λDM is the dark matter SM Higgs 
coupling and mDM is the mass of dark matter H0. We show the parameter space for mass splitting 
m = 500 keV. We point out that unlike the conventional inert doublet dark matter model, here 
we do not have to fine tune dimensionless couplings too much to get such small mass splittings 
between A0 and H0. This mass splitting can be naturally explained by the suitable adjustment of 
symmetry breaking scales and bare mass terms of the Lagrangian. It is interesting to note that for 
sub-dominant type II seesaw case, the dark matter relic abundance gets affected by coannihilation 
whereas for dominant type II seesaw case, usual dark matter relic abundance calculation applies 
taking into account of self-annihilations only.
We also take into account the constraint coming from dark matter direct detection experiments 
like LUX experiment on spin independent dark matter nucleon scattering. We incorporate the 
LEP I bound on Z boson decay width which rules out the region mH0 + mA0 < mZ . We then 
incorporate the constraint on invisible SM Higgs decay branching ratio from measurements done 
at LHC experiment. We show that after taking all these relevant constraints into account, there 
still remains viable parameter space which can account for dark matter as well as neutrino mass 
simultaneously. Thus our model not only gives rise to a natural dark matter candidate, but also 
provides a natural way to connect the dark matter relic abundance with the neutrino mass term 
from type II seesaw mechanism.
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